In systems having an anisotropic electronic structure, such as the layered materials graphite, graphene and cuprates, impulsive light excitation can coherently stimulate specific bosonic modes, with exotic consequences for the emergent electronic properties. Here we show that the population of E2g phonons in the multiband superconductor MgB2 can be selectively enhanced by femtosecond laser pulses, leading to a transient control of the number of carriers in the σ-electronic subsystem. The nonequilibrium evolution of the material optical constants is followed in the spectral region sensitive to both the a-and c-axis plasma frequencies and modeled theoretically, revealing the details of the σ-π interband scattering mechanism in MgB2.
In systems having an anisotropic electronic structure, such as the layered materials graphite, graphene and cuprates, impulsive light excitation can coherently stimulate specific bosonic modes, with exotic consequences for the emergent electronic properties. Here we show that the population of E2g phonons in the multiband superconductor MgB2 can be selectively enhanced by femtosecond laser pulses, leading to a transient control of the number of carriers in the σ-electronic subsystem. The nonequilibrium evolution of the material optical constants is followed in the spectral region sensitive to both the a-and c-axis plasma frequencies and modeled theoretically, revealing the details of the σ-π interband scattering mechanism in MgB2.
PACS numbers:
Exotic phenomena and novel functionalities emerge in solids due to the coupling between the charge carriers and collective modes of structural, electronic and magnetic origin. Key to exploiting this phenomenology is the ability to tune the density of carriers and the strength of their couplings to such modes. To gain control over the electronic density of states, advanced materials have been designed, e.g. intercalated graphite [1] , doped fullerenes [2] , and doped charge-transfer insulators [3] . However, chemical doping often increases the disorder in the system, thus limiting the beneficial effect of modulating the charge density at will. Alternatively, photodoping [4] or phonon pumping [5] have been attempted to control the electronic density of states or the coupling between carriers and collective modes. The advantage of such an approach is that light does not induce structural disorder and can access new states of matter that only exist out of equilibrium.
Ultrafast techniques using visible light pulses have unveiled some of these phenomena by delivering excess energy to the electrons via an intense pump pulse and subsequently monitoring the transfer of such energy to the different underlying bosons via a delayed optical probe. Whenever a preferential electron-boson interaction channel exists, it dominates the carrier thermalization via simultaneous heating of the bosonic mode. In this regard, a body of work has demonstrated the emergence of hot optical phonon effects in semimetals such as graphite [6] [7] [8] and graphene [9, 10] , where a strong electron-phonon coupling arises due to the ineffective screening of the Coulomb interaction. In this strong coupling regime, the photoexcited nonthermal electron distribution has an increased probability to generate hot optical phonon modes before degrading into a lower energy quasiequilibrium distribution. A similar mechanism was shown to rule the normal-state ultrafast dynamics of cuprate superconductors and proposed to originate from the coupling with high-energy spin fluctuations [11] .
A step further in hot phonon research involves the observation of an anisotropic coupling between different subsets of carriers and a specific phonon. In this respect, a prototypical system is represented by MgB 2 , which below 39 K is a rare example of two-band phononmediated superconductor in the strong coupling regime [12] . In its normal state, MgB 2 possesses two distinct types of electronic bands crossing the Fermi energy E F : The quasi-two-dimensional hole-like σ bands and the three-dimensional π bands. The holes of the σ-bands, located along the Γ-A direction of the Brillouin zone, interact very strongly with the branch of the E 2g bondstretching mode (characterized by an energy of ∼ 80 meV at Γ), displaying a coupling three-times larger than the π bands carriers [13] [14] [15] [16] . So far, the existence of a highly anisotropic electron-phonon coupling in the σ-and π-bands has been accessed experimentally only in an indirect way, via quantum oscillations [14] or as a signature of the two superconducting (SC) gap values [17, 18] . To overcome this limitation, one needs to disentangle the real-time dynamics of both types of carriers, by selectively monitoring suitable observables under nonequilibrium conditions. This aspect is of pivotal interest as it sheds light on a fascinating topic that has remained elusive over the years: The mechanism responsible for connecting the two bands, which also lies at the origin of the sizes and temperature dependence of the SC gaps.
Here, we use an ultrashort 1.55 eV laser pulse to set the σ and π electronic subsystems of MgB 2 out of equilibrium and follow the σ-π interband scattering by probing the variation of the sample reflectivity (∆R/R) with a broadband pulse covering the in-plane (a-axis) and outof-plane (c-axis) plasma edges [19, 20] . In our experiment, the σ carrier response manifests itself in a blueshift of the a-axis bare plasma frequency ω p,a during the first 170 fs after photoexcitation. Such an observation is at odds with the single-band paradigm, in which a heating of the electronic carriers leads to a redshift of ω p,a [21, 22] . We find that this blueshift of ω p,a can be understood only within the context of a multiband system in which the Fermi surface areas change due to the interaction of the σ carriers with strongly-coupled hot phonons. After this initial response, we observe a delayed blueshift of the c-axis plasmon on a longer time scale, which is the signature of weak interband scattering mechanisms allowing for crosstalk between the σ and π bands. Our work shows that the photoinduced creation of a hot phonon bath in a multiband system can be used to selectively trigger a transient increase of the number of carriers in a given band, opening new perspectives for the selective carrier-density manipulation via near-infrared light.
In our experiments, we use a high-quality (0001)-oriented MgB 2 thin-film, grown by hybrid physicalchemical vapor deposition. In our geometry, the pump beam hits the sample at normal incidence and it is polarized in-plane. The probe beam is a broadband continuum covering the 1.77-2.90 eV spectral region and directed towards the sample under an angle of 15
• . Consequently, it primarily detects the in-plane plasma edge but also explores the c-axis response. Details on the methods are reported in the Supplemental Materials (SM).
Figure 1(a) shows the color-coded map of ∆R/R at 10 K as a function of the probe photon energy and time delay between pump and probe. Direct inspection of the map reveals three features evolving in time: i) a broad positive contribution centered around 2.15 eV (labelled P a ), which has a straightforward correspondence with the in-plane plasma edge (see Fig. S1(b) ); ii) a broad negative background covering the 2.55-2.90 eV spectral region, which mirrors the σ-π interband transition (IB); iii) a narrow feature around 2.67 eV (P c ), which overlaps with the IB and becomes more pronounced with increasing time delay. This structure lies in correspondence with the c-axis plasma edge. All these features become more evident in the transient spectra at selected time delays. Figures 1(b,c) collect the ∆R/R spectra during the rise and the decay of the response, respectively. During the rise ( Fig. 1(b) ), the feature P a undergoes a slight redshift, while the barely observable peak of feature P c does not evolve in energy. In the decay (Fig. 1(c) ), both the low-energy zero-crossing point around 1.80 eV and the peak of P a shift to higher energies as a function of time; moreover, the feature P c gradually reinforces its weight and undergoes a pronounced blueshift ( Fig. 1(d) ).
Complementary information is provided by the ∆R/R temporal dynamics. Several time traces are reported in Figs. 2(a,b) at representative probe photon energies. We observe that the signal displays a much longer rise time than the response function of our set-up (50 fs), reaching its maximum absolute amplitude at 170 fs. Moreover, the ∆R/R decay depends on the probe photon energy, as the relaxation dynamics in correspondence to the feature P c (2.67 eV) differs from the one governing the rest of the spectrum. As expected from Fig. 1(c) , on the low-energy side (red trace at 1.80 eV in Fig. 2(a) ) the signal undergoes a sign change over time, consistent with previous single-wavelength pump-probe experiments in the nearinfrared and in the normal state [23, 24] . Our results are rather independent of the sample temperature, except that the feature P c becomes sharper for decreasing temperature. The insensitivity of the transient response to temperature is due the absorbed fluence regime (0.2 to 3 mJ/cm 2 ) of our experiment, which exceeds the threshold for the complete vaporization of the SC condensate by two orders of magnitude [23, 24] . At 10 K, we can safely assume that the pump pulse suddenly melts the SC order parameter and drives MgB 2 into its normal phase. The recombination dynamics of the quasiparticles into Cooper pairs occurs within hundreds of ps [23, 24] , i.e. outside our temporal window.
We first discuss the narrow feature P c . It is characterized by distinct dynamics compared to the remaining visible spectral range, which is indicative of a different spectroscopic origin. A simple phenomenological explanation for the presence of a sharp peak in the ∆R/R spectrum of a metal can be given by recalling that at high frequencies 1 
, where ∞ is the high-energy dielectric function, ω * p = 4π ne 2 /m ∞ is the dressed plasma frequency, n is the carrier density and m is the free electron mass. By assuming that the main effect of the pump pulse is to change n, it results that ∆R/R ≈ 8πe 2 ∆ n/mω 2 √ 1 . Hence, ∆R/R displays a peak at ω * p , i.e. the energy at which 1 = 0. Therefore, the increase of n implies a rigid shift of the plasma edge towards higher energies. Providing an explanation to this process is not obvious, since the total carrier density in the system is constant and can just be redistributed energetically by the action of the pump pulse. The microscopic origin behind such an effect will be clarified later. Up to now, following the above argument, we can confirm that P c corresponds to the c-axis longitudinal plasmon mode, which consistently lies at ∼ 2.66 eV in the equilibrium optical spectra [19, 25, 26] . The plasmon energy is determined by the IBs from the B π and Mg ζ bands, which possess an almost parallel dispersion in the Γ-K-M plane of the Brillouin zone [27] . Correspondingly, its real-space charge distribution involves coherent charge fluctuations between parallel B and Mg sheets. We now focus on the evolution of features P a and IB. As recent pump-probe experiments covering the 0.75-1.40 eV spectral range of MgB 2 have revealed a negative sign in the ∆R/R response [11] , the positive sign of P a in our spectra is compatible with an instantaneous broadening of the a-axis plasma edge in the rise of the response. In the relaxation, the a-axis plasma edge narrows and redshifts over time, which is evidenced by the ∆R/R zerocrossing evolution. The negative background in the 2.50-2.85 eV region suggests that an ultrafast change of the σ-π IB has also occurred after the photoexcitation, involving a broadening of its shape.
To disentangle the carrier dynamics along the a-and c-axis and extract the significant parameters of the response, we fit an anisotropic Drude-Lorentz model to the static and time-resolved data at 300 K (see SM). By iterating this procedure over the probed time window, we can map the temporal evolution of the bare plasma frequencies (ω p,a/c in Fig. 3(a) ) and optical scattering rates (Γ p,a/c in Fig. 3(b) ), which respectively reflect the position and damping of the plasma edge. We obtain an ultrafast blueshift of the a-axis plasma frequency ω p,a (violet dots, Fig. 3(a) ), accompanied by a simultaneous increase of the a-axis scattering rate Γ a (violet dots, Fig.  3(b) ). After 170 fs, ω p,a redshifts on a timescale of several ps, while Γ a relaxes to its equilibrium value within ∼ 1 ps. While the dynamics of Γ a agrees with the results of Ref. [11] , the temporal evolution of ω p,a is a completely new observable that becomes apparent only when the broadband probe is tuned to our spectral region. Signatures of this behavior were already evident in Ref. [24] , but never discussed. More remarkable is the temporal evolution of the c-axis Drude contribution (blue dots, Figs. 3(a,b)): ω p,c undergoes a slow blueshift within 1 ps, followed by its stabilization around a constant value; instead, Γ c slowly rises on a timescale of ∼ 300 fs, before decreasing again after 1 ps.
To correctly interpret the intriguing dynamics of ω p,a/c , we pursue theoretical/computational calculations through three distinct temporal regimes. To unravel the effect of the pump pulse on the system, we perform a frozen-phonon ab initio calculation of the coherent electron dynamics triggered by an ultrashort laser pulse (see SM). The aim is to clarify whether carrier densitydependent many-body effects can renormalize the band structure and lead to the observed behavior. Remarkably, we can explain neither the initial blueshift of ω p,a nor the subsequent opposite trends of ω p,a and ω p,c . This calls for a deeper investigation of dynamical many-body effects involved in such an anomalous phenomenon.
For this reason, we perform analytical calculations to
Temporal evolution of (a) the bare plasma frequency ω p,a/c and (b) the optical scattering rate Γ p,a/c along the a-(pink dots) and c-axis (blue dots). (c) Cartoon of the ultrafast dynamics. After the interaction with the solid, the ultrashort laser pulse leads to the excitation of both σ and π carriers. The nonthermal σ carriers are strongly coupled to the branch of the E2g phonon mode and efficiently generate hot phonons during the first 170 fs. Subsequently the energy stored in the hot-phonon subsystem is released to the π carriers via interband scattering and to low-energy phonons via anharmonic decay.
demonstrate the role played by hot phonons in the unconventional blueshift of ω p,a within the initial 170 fs. A cartoon summarizing the various steps of the ultrafast dynamics is shown in Fig. 3 (c). At equilibrium, manybody effects manifest themselves in the strong coupling between the electrons and the lattice degrees of freedom.
In particular, the σ bands are strongly coupled (coupling constant λ ≈ 1) with the phonon branch of the E 2g mode, mainly at small momenta; a residual electronphonon interaction (λ ≈ 0.3 in average) connects the σ-and π-bands. Within this multiband scenario at T = 0, a band β induces a shift of E F on a band α due to the strong coupling with a phonon of energy ω ph . This shift can be quantified as
are the bandwidths of the band β above and below E F , respectively. For low-density bands (as in MgB 2 or in pnictides), within the parabolic-band approximation, such a shift of E F induces a change of the charge density ∆ n α ≈ mχ α /π. These effects have been observed in pnictides in de Haas-van Alphen [28] and angle-resolved photoemission experiments [29] . During the photoexcitation, the pump provides energy to the carriers in both bands, bringing the σ and π carriers to high temperatures T e,σ and T e,π . While in conventional metals the phonon bath remains at T ph T e , in MgB 2 the scenario is expected to differ dramatically. Indeed, the σ holes are strongly coupled to the single E 2g phonon mode. Thus, this phonon also becomes hot after the photoexcitation. As a consequence, we expect that both T e,σ and T ph increase right after the interaction with the pump pulse. In contrast, as the π carriers are not strongly coupled to this mode, only T e,π is expected to increase. As a result, it is necessary to elucidate the effect produced on ω p,a/c by an increase of the electronic and bosonic temperatures. As shown in the SM, the heating of the E 2g phonon to a high temperature (T ph ≈ 450 K) has a novel and dominant effect on the effective charge density of the in-plane σ bands, explaining quantitatively the remarkable initial increase of ω p,a . The electron-phonon energy exchange is completed within 170 fs and the subsequent decay of the a-axis signal is governed by the release of the energy stored in the hot E 2g phonon subsystem to the remaining electronic degrees of freedom via phonon-electron and electron-electron scattering. At this stage, interband scattering with the π electrons leads to an increase of the charge carriers in the π band, needed to restore the overall charge density of the system, arising from a balance between hole-like and electron-like bands. This delayed response reflects in the increase of ω p,c , controlled solely by the π carrier subset [19, 30] , and occurs on the ∼ 2 ps timescale of the weaker σ-π scattering processes.
Once the electronic and hot phonon subsystems have thermalized, the subsequent release of energy occurs via anharmonic decay to acoustic phonons, lasting tens of ps [7, 24] . We also model such long timescale dynamics by calculating how the c-axis plasmon energy is modified for an increased lattice expansion (see SM). We find a sizeable redshift of the c-axis plasmon energy, which is also consistent with our experimental results.
In conclusion, we combined ultrafast optical spectroscopy and state-of-the-art calculations to map the nonequilibrium dynamics in MgB 2 and reveal the phonon-mediated σ-π interband scattering process. Our results show that ultrafast light excitation can be used to control the carrier density in multiband materials via hot phonon effects. More generally, by setting a multiband system out-of-equilibrium, the microscopic details of the scattering mechanism between distinct electronic subsets can be unraveled via selective observables in the time domain. 
S1. Sample preparation and mounting
The MgB 2 films were grown by hybrid physicalchemical vapor deposition at a substrate temperature of 730
• C, hydrogen carrier gas pressure of 40 Torr, hydrogen flow rate of 400 sccm, and diborane mixture (5% B 2 H 6 in H 2 ) flow rate of 20 sccm. The deposition rate was 55 nm/min. The resulting thin film was a parallelepiped with a (0001) surface of 5 mm × 5 mm and a thickness of 200 nm along the c-axis. This thickness was controlled by the deposition time (220 s). Epitaxial MgB 2 films were deposited directly on SiC-(0001) substrates. After the deposition, the sides of the substrate were cleaned with 10% hydrogen chloride acid to remove the MgB 2 deposit. The structure of the films was characterized by x-ray diffraction and cross-sectional transmission electron microscopy using a JEOL 2100 LaB6 operated at 200 kV. The dc transport properties were measured using the four-probe van der Pauw method.
It is well established that surface contamination by exposure to air strongly reduces the absolute reflectivity of MgB 2 , decreasing the value of ω p over time [19, 20, 31] . To prevent the measurements to suffer from this effect, the sample was stored in a vacuum environment before being introduced in the cryostat for the ultrafast optical measurements. During the transfer from the sample container to the cryostat, the thin film was kept in an Argon flow until vacuum was produced in the cryostat. During the measurements, the achieved vacuum pressure was ∼ 10 −8 mbar at room temperature and ∼ 10 −9 mbar at 10 K. This vacuum pressure was sufficient to maintain the sample properties unaltered for more than one month, allowing for extensive measurements at different temperatures. For the low-temperature measurements, to counteract the adsorption of carbon-oxide compounds on the MgB 2 thin film surface, the sample was warmed up above ∼ 230 K after about 2 hours at low temperatures. This treatment restored the reflectivity of its surface.
S2. Experimental setup
Femtosecond broadband transient reflectivity experiments have been performed using a set-up described in Ref. [32] . A Ti:Sapphire oscillator, pumped by a continuous-wave Nd:YVO 4 laser, emitted sub-50 fs pulses at 1.55 eV with a repetition rate of 80 MHz. The output of the oscillator seeded a cryo-cooled Ti:Sapphire amplifier, which was pumped by a Q-switched Nd:YAG laser. This laser system provided ∼ 45 fs pulses at 1.55 eV with a repetition rate of 6 kHz. One third of the output, representing the probe beam, was sent to a motorized delay line to set a controlled delay between pump and probe. The 1.55 eV beam was focused on a 3 mm-thick CaF 2 cell using a combination of a lens with short focal distance and an iris to limit the numerical aperture of the incoming beam. The generated continuum covered the 1.77-2.90 eV spectral range. The probe was subsequently collimated and focused onto the sample through a pair of parabolic mirrors under an angle of 15
• . The remaining two thirds of the amplifier output, representing the pump beam, were directed towards the sample under normal incidence. Along the pump path, a chopper with a 60 slot plate was inserted, operating at 1.5 kHz and phase-locked to the laser system. Both pump and probe were focused onto the sample with spatial dimensions of 120 µm × 87 µm for the pump and 23 µm × 23 µm for the probe. The sample was mounted inside a closed cycle cryostat, which provided a temperature-controlled environment in the range 10-340 K. The reflected probe was dispersed by a fiber-coupled 0.3 m spectrograph and detected on a shot-to-shot basis with a complementary metal-oxide-semiconductor linear array.
S3. Anisotropic differential Drude-Lorentz model
To disentangle the a-and c-axis contributions to the ∆R/R caused by the 15
• angle of incidence of our probe beam, we fit an anisotropic Drude-Lorentz model to the static data at 300 K displayed in Fig. S1(a,b) (adapted from Ref. [19] ). Due to the higher quality of our sample compared to the one used in Ref. [19] , we slightly increase the c-axis bare plasma frequency value to achieve a better fit. The spectral features covered by our probe range are the a-axis plasma edge around 2.00 eV, the a-axis σ-π interband transition around 2.60 eV and the c-axis plasma edge around 2.62 eV (grey shaded areas in Fig. S1(a,b) ). We can therefore limit the fit of our model to six free parameters: The bare plasma frequen- cies ω p,a and ω p,c along the a-and c-axis, the corresponding dampings Γ a and Γ c , and the plasma frequency and optical scattering rates of the a-axis σ-π interband transition. This provides a reliable fit of the ∆R/R data while enabling us to identify their physical origin. The fit is performed separately for the spectra at 300 K (to match the temperature of the steady-state data) at each time delay, covering a temporal window up to 2.4 ps. The robustness of the fit is evidenced by Fig. S2(a,b) , where we show the results in correspondence to the rise (170 fs) and decay (2.2 ps) of the response. We observe that the fit matches the experimental data with good precision and yields the contribution from the a-and c-axis response. We underline that the fit does not converge if ω p,a/c are not left free but are forced to redshift after the interaction with the pump pulse. This also confirms the reliability of the results presented in the main text.
S4. Excitation mechanism of the pump pulse
To correctly interpret the observed ultrafast dynamics, it is pivotal to clarify how the electronic subsystem of MgB 2 is affected by the interaction with the nearinfrared pump pulse at 1.55 eV. Since this pump photon energy lies below 2.40 eV, it is not sufficient to efficiently induce the in-plane σ-π interband transition. On one hand, we can expect that the tails of both oscillators associated with the σ-σ and the σ-π interband transitions can provide a contribution to the excitation process [19] . On the other hand, energy transfer from the laser to the electron gas is expected to occur mainly via free-carrier absorption processes. This idea is confirmed by observing that the laser pulse at 1.55 eV lies also on the tail of the Drude response in the a-axis optical conductivity shown in Fig. S1(a) . However, it is well established that the a-axis optical conductivity of MgB 2 can be described only by assuming a two-component Drude response, due to the contributions of both σ and π carriers [19, 20] . Thus, it becomes crucial to establish whether our laser pulse at 1.55 eV selectively excites one type of carriers or if it exchanges energy with both electronic subsystems.
To this end, we quantify the relative contribution of the σ and π carriers to the equilibrium Drude response at 1.55 eV by performing an ab initio simulation of the optical properties of MgB 2 and including one type of electronic subsystem at a time. The two contributions to the optical conductivity are evaluated on the basis of the calculations reported in Ref. [19] . The results are shown in Fig. S3(a,b) and show that both electronic subsystems provide a sizeable response to the incoming electromagnetic field at 1.55 eV. In particular, the Drude contribution of the π carriers is found to be slightly more pronounced at the laser photon energy.
As a result, we can conclude that our pump pulse is not able to selectively excite the carriers residing in either the σ or the π band and that both electronic subsystems undergo an increase of their temperature T e,σ and T e,π upon interaction with the pump pulse. Irrespective of the details of the photoexcited carrier density, it is important to observe that our pump pulse lies in the near-infrared spectral range, thus enabling the photoexcited carriers to generate high-energy phonons.
S5. Photoinduced renormalization of the electronic structure
To correctly interpret the blueshift displayed by the a-and c-axis plasma edges, we first need to clarify how the electronic subsystem of MgB 2 is affected by the interaction with the near-infrared pump pulse at 1.55 eV. To verify this hypothesis, we need to discard the possi-bility that many-body effects caused by electron-electron interactions play an important role in the renormalization of the electronic structure. Hence, we study how the electronic structure of MgB 2 is modified after being photoexcited by an ultrashort laser pulse.
Explicit time-dependent quantum mechanical calculations can provide information on the coherent electron dynamics generated by intense short laser pulses and give a microscopic description of the fast electronic response in photoexcited systems with attosecond resolution. The in-house developed code implements a quantum-mechanical time-dependent method that evolves the electronic wavefunction with the propagator proposed by Allen and co-workers [33] [34] [35] [36] . The evolution of the electronic wavefunction is therefore calculated with a generalized Cayley algorithm, based on a Dyson-like expansion of the time-evolution operator [37] . Numerically, the time-dependent Schrödinger equation (TDSE) is solved by the Cranck-Nicolson approximation method [38, 39] , based on expressing the exponential operator e
H∆t with second-order accuracy. It uses the commonly recommended finite differences scheme to approximate the solutions of the TDSE in complex multiscale phenomena. This is a unitary and stable approach, which conserves probability and preserves orthogonality; moreover, as an O(N) method, it is particularly appropriate to investigate large systems, such as complex materials and biological molecules.
The propagator contains the sum of the unperturbed Hamiltonian at a certain k point of the crystal periodic structure (H 0 (k)) and of the perturbing Hamitonian (H ), representing the interaction of the applied electromagnetic field with the crystal dipole moment matrix of the periodic system. It reads
(1) The initial electronic wavefunction, Ψ(t 0 , k), is the matrix of crystal orbitals (CO's) of the periodic system at a specific k point, built as a linear combination of Bloch orbitals (BO's) extended overall the entire crystalline solid; the BO's are, in turn, a linear combination of a set of basis functions; ∆t is the time step; H(k) is the Hamiltonian of a specific k point in the reciprocal space, H(k) = H 0 (k)+ H . The perturbing Hamiltonian is then calculated as a product of the electric field and the crystal dipole moment, here written as
where, D is the dipole moment matrix between crystal orbitals, ω is the frequency of the incoming photon; E(t) is the electric field amplitude or field envelope, here kept constant in time, and τ is the pulse duration, here set at 6 fs. The calculations are carried out in the CO framework. The field polarization can be chosen during simulations. The CO's coefficients of Ψ(t, k) are updated at each time step under the effect of the external field. The propagation is carried out starting from COs orthonormalized by the Löwdin transformation. This approach allows to gain a detailed microscopic description of the ultrafast electronic response of the system, which can be followed in terms of a large number of observables (i.e. time-dependent electron density distribution, CO occupancies, dipole moment changes and relative absorption spectra). In the past, it has been successfully employed also to investigate the photolytic splitting of water ice by vacuum ultraviolet light [40] , the dynamics of photo-activated chemical bonding [41] , electron transfer processes [42] , photoinduced dissociation [43] , nonlinear optical properties [44] , mono-and multi-photon excitations [45] , and photoelectron spectra of coronene [46] . Using this technique, we investigate the ultrafast changes of the MgB 2 band structure during the first 80 fs after photoexcitation at selected critical momentum points of the Brillouin zone (BZ).
The ground electronic states of the structures were calculated with the Gaussian 09 [47] suite of programs with periodic boundary conditions. The nuclear geometries are frozen during the coherent electron dynamics so that the pure electron reorganization of the system wavefunction is investigated. The MgB 2 calculations are run on the hexagonal AlB 2 -type lattice structure [48] , with space group P6/mmm and lattice parameters, a = 3.084 A and c = 3.522Å, using the Perdew, Burke and Ernzerhof functional [49] implemented in Gaussian09. A 724 k-points grid in the reciprocal space is created. The basis sets applied are the Small Split-Valence 3-21SP function for Mg atoms and the 6-31G for B atoms.
The effect of a single pump laser beam, oriented in the plane of the structure layers, is investigated on the fast time scale at the Γ, A, K and M points of the BZ. The field-induced changes of the electronic structure are calculated using a pump photon energy at 1.55 eV or tuned to resonate with the selected k points. Moreover, in order to investigate the electronic response dependence on the pump fluence, different field strengths are applied during the dynamics, corresponding to fluences of 0.10, 0.42, 1.68, 3.77, 6.72 and 10.51 mJ/cm 2 . Tables 1 and  2 collect, respectively, the net single-particle energy differences calculated as the difference between initial (at 0 time) and final (after 40 fs) highly-occupied CO (HOCO) -lowest-unoccupied CO (LUCO) gap for Γ, A, M and K points for a pump photon energy at 1.55 eV or in resonance with the different k points. Notice that a negative value in the tables indicates a decrease in the singleparticle band energies, while a positive value corresponds to their increase. Remarkably, we find that the pump pulse at 1.55 eV cannot cause substantial renormalization of the electronic structure at the A, K and M points of the BZ. The only exception is represented by the Γ point, in which the single-particle energies significantly depend on the absorbed pump fluence. In this regard, the renormalization of the Mg ζ band has an impact on the interband transition at Γ that determines the c-axis plasmon energy, leading to its redshift. The time-evolution of the B π -Mg ζ interband transition energy at the Γ point of the BZ is shown in Fig. S4(a) for different field strengths. We observe that the single-particle energies undergo a shrinkage of 40 meV upon increasing the absorbed fluence from 0.10 mJ/cm 2 to 1.68 mJ/cm 2 . This effect is consistently observed at early time-delays (i.e. the maximum of the response at 170 fs) in our ∆R/R as a function of fluence (Fig. S4(b) ). The plasmon blueshift decreases by 20 meV when the absorbed pump fluence changes from 0.24 mJ/cm 2 to 2.40 mJ/cm 2 , which has a striking quantitative agreement with the shift predicted by our ab initio calculations. The shift observed in the experimental spectra has to be interpreted as a net variation of the plasmon energy that results from the combination of two effects: The blueshift induced by the increased carrier density n and the redshift caused by the many-body renormalization of the electronic structure. In conclusion, the present calculations rule out the possibility of a many-body electronic effect behind the plasmon blueshift in the rise of the response.
S6. Temperature-dependent change of the plasma frequencies
We now address the anomalous blueshift displayed by the a-and c-axis plasma frequencies. The phenomenological argument raised in the main text for describing the blueshift in the dressed c-axis plasma frequency involved an increase in the effective carrier density n during the nonequilibrium evolution of the system. Providing an explanation to this process is not obvious, since the total carrier density in the system is constant and can just be redistributed energetically by the action of the pump pulse. As we discussed in the main text, here we demonstrate that the time evolution of the plasma frequency ω p,a can be attributed to the different role played by the photoinduced heating of the electronic and phononic bath after the excitation. To get a deeper insight on this mechanism, we consider the processes occurring in a multiband system with strongly particle-hole asymmetric bands. Indeed, similarly to the case of pnictides [50, 51] , these conditions can make the effect of the electron-phonon coupling visible in an interactiondependent change of size of the Fermi surface with respect to Local Density Approximation (LDA) calculations. More specifically, for a purely parabolic twodimensional band, one can relate [50, 51] the density of carriersñ to the top/bottom E M of the band as
where χ denotes the real part of the electron-phonon self-energy at zero energy. While the Eliashberg calculation of the self-energy gives χ = 0 for half-filled bands, at low carrier density χ becomes in general differ-ent from zero, and can lead to an observable shrinking or expansion of the Fermi surface area as a function of the electron-phonon interaction. By computing χ for an Einstein phonon and making the analytical continuation with the Marsiglio-Schlossmann-Carbotte method [52] , one can show that the electronic χ el and bosonic χ bos contributions to χ can be written as
so that
in agreement with previous estimates [51] . Here ω 0 is the phonon energy, λ is the dimensionless electron-phonon coupling and E T /B represent the band top/bottom, respectively. In a multiband system the previous equation (6) must be generalized to account for both the interband and intraband contributions, mediated in general by phonons or other collective modes, so that
. Since R β > 0 for a band having electron character (so that E β T E β B ) while R β < 0 for a band having hole character the final sign of χ α depends on the intraband vs interband nature of the dominant interaction. For example, in the case of pnictides, the dominant channel is provided by spin-fluctuations interband interactions between hole and electron bands, leading to a shrinking of all the Fermi pockets with respect to LDA [50, 51] . In the case of MgB 2 , we expect that the largest channel of interaction is the intraband coupling between the σ electrons and the E 2g phonon. In this situation, we expect that χ σ (T = 0) > 0, but since the unperturbed Fermi area of the σ pocket is much larger than in pnictides this effect is quantitatively much smaller at equilibrium, explaining why in MgB 2 angle-resolved photoemission spectroscopy measurements are overall in good agreement with LDA predictions [53] . Nonetheless, as we argued in the main text, it can explain the small variations of the plasma frequency observed by heating the system with an intense laser pulse.
To address the thermal effects in the situation where the electronic temperature T e does not necessarely coincide with the bosonic one T b we identify in the expression for χ(T ) two separate terms, one depending on the Fermi function f(ω 0 , T e ), controlled by the T e , and one depending on the Bose function b(ω 0 , T b ), controlled by T b . This distinction can be achieved by performing the analytical continuation of the Matsubara self-energy Σ(iω n ) without leaving the ambiguity in the use of the Fermi 
The two separate contributions (7)-(8) are computed for realistic parameter values appropriate for the σ band. In particular, the phonon energy ω 0 is set at 70 meV to account for the strong peak found at this energy in the Eliashberg function α 2 F(ω) [54] . This is mainly governed by the contribution of the strongly softened in-plane vibrations of the boron atoms. The result is shown in Fig.  S5 , where one clearly sees the predominance of the thermal effects due to heating of the phonon bath. This has a direct impact on the evolution of the plasma frequencies of the σ and π bands after the pump. Indeed, the initial heating of the electronic bath due to the pump is also effective on the E 2g phonon, which is strongly coupled to the σ electrons. This in turn implies an increase of the Fermi area of the σ pocket that is coupled to the E 2g hot phonon, while the π band is unaffected, since it is weakly coupled to the remaining cold phononic bath. Notice that the initial increase of the plasma frequency in the σ band is in striking contrast with the usual findings in single-band systems, where heating the electronic bath results in a suppression of the plasma edge [21, 22, 55] .
After the first 170 fs, the system equilibrates to a state with hot σ/π carriers and E 2g phonon, and then starts to equilibrate with the remaining phononic bath with the less efficient electron-phonon scattering channels and the phonon-phonon anharmonic processes. This relaxation process activates the interband σ-π scattering mecha-nisms which leads to an increase of the π Fermi surface, needed to preserve the total number of carriers in the system. After about 2 ps, the system is then overall at equilibrium with a larger effective number of carriers in all bands, as reported by the optical measurements. The above scheme can be used to indirectly estimate the heating of the hot phononic bath via its effect on the bare plasma frequency of the σ band, given by
From Eq. 9 we can estimate the change ofñ σ due to the measured change in ω p,σ . Indeed, we have that
Since ∆ñ σ depends on the ∆χ σ computed above, we then conclude that the hot phonons reach a temperature around 450 K.
S7. Lattice expansion effect on the plasmon energy
After elucidating the origin of the anomalous blueshift of the a-and c-axis plasma frequencies, here we concentrate on the long timescale dynamics of the system, subsequent to the extinction of hot phonon effects. Our aim is to evaluate how the c-axis plasmon energy is renormalized upon lattice expansion. As discussed in the main text, lattice expansion is expected to result from hot phonon energy dissipation via anharmonic coupling with low-energy acoustic modes. To this end, we perform ab initio calculations of the dynamical electronic properties of MgB 2 for different lattice parameters in the case of uniaxial (c-axis) and of three-dimensional lattice expansion. Specifically, we simulate the effect of the lattice expansion on the c-axis plasmon of MgB 2 by calculating the loss function L(q, ω) in the long-wavelength limit (q = 0) and at different lattice parameters.
Two models for the MgB 2 lattice parameter expansion were employed. In the first case, we obtain the lattice parameters by considering a three-dimensional lattice expansion. Here, at a fixed volume value, the c/a ratio is optimized using the Vienna Ab Initio Simulation Package (VASP) [56, 57] with Generalized Gradient Approximation (GGA) [49] for the exchange-correlation potential. The interaction between the ion cores and valence electrons was described by the projector augmented-wave method [58] . In the second case, we perform calculations for the uniaxial c expansion, i.e. varying the lattice constant only in this direction and maintaining the in-plane a constant.
The collective electronic excitations of a bulk solid can be traced [59, 60] to the peaks in the loss function L(q, ω), defined as the imaginary part of the inverse dielectric function
where q and ω are momentum and energy, respectively, transferred to the system. The inverse dielectric function −1 is related to the density-response function of interacting electrons χ through the integral equation −1 = 1 + υχ, where υ is the Coulomb potential. In the framework of the Time-Dependent DensityFunctional Theory [61, 62] χ obeys the integral equation χ = χ o + χ o (υ + K xc )χ, where χ o is the response function for a non-interacting electron system and K xc accounts for dynamical exchange-correlation effects. The imaginary part of χ o , which takes a matrix form for a three-dimensional solid, is calculated according to (f nk − f n k+q ) ψ nk |e −i(q+G)·r |ψ n k+q ψ n k+q |e i(q+G )·r |ψ nk δ(ε nk − ε n k+q + ω), (12) where the factor 2 accounts for spin, Ω is the normalization volume, n and n are the energy band indices, vector k is in the first BZ, f nk is the Fermi distribution function, ε nk and ψ nk are Bloch eigenvalues and eigenfunctions, respectively, of the Kohn-Sham Hamiltonian. In the numerical calculations, the δ-function in Eq. (12) is replaced by a Gaussian with a broadening parameter of 25 meV. Subsequently, the real part of χ o is obtained from Im[χ o ] (evaluated on a discrete mesh of energies ranging from 0 to 25 eV with the step of 2.5 meV) using the Kramers-Kronig relation. The single-particle energies and wave functions are obtained from the selfconsistent solution of the Kohn-Sham equations using the local exchange-correlation potential of Refs. 63, 64. The electron-ion interaction is described by a nonlocal normconserving ionic pseudopotential [65] . In the Fourier expansion of χ o , χ and , matrices up to 51 reciprocal lattice vectors G are included, in such a way to account for the local-field effects [66, 67] . In equation 12, we use a (120 × 120 × 60) mesh for the k summation over the first BZ. The sum over n and n includes 30 valence bands. For the description of K xc a Random-Phase Approximation (i.e. K xc = 0) was employed.
In both analyzed cases, we find that the c-axis plasmon peak energy redshifts by 37 meV/P, where P is rate of the volume expansion in percent. The results of the calculations are shown in Fig. S6(a) . The origin of such behavior resides again in the fact that the plasmon energy is mainly determined by the transitions from the B π band to the Mg ζ band at the Γ point of the BZ. As the distance between atomic planes increases, the energy separation between these two bands reduces, which results in the plasmon redshift. This scenario is confirmed by our ∆R/R data at 10 K and 300 K (Fig. S6(b) ) at a time delay of 2.4 ps, i.e. well after the extinction of hot phonon effects. At this time delay, we observe a redshift of ∼ 35 meV in the c-axis plasmon peak when the temperature is increased from 10 K to 300 K, due to the increased lattice constants in the crystal. This result rationalizes the last step of the dynamics probed within our temporal window and offers a complete explanation of the ultrafast optical response of MgB 2 .
